A pseudomorphic monolayer of Au on Ir(001) is easily preparable and has a long lifetime in ultrahigh vacuum. Its geometrical and electronic structure was investigated by ab initio calculations within density functional theory. For a wide range of energies (below 100 eV) and angles of incidence of spin-polarized primary electrons we measured and calculated the intensity and spin asymmetry of the specularly reflected beam. In the resulting energy-angular maps, which show good agreement between experiment and theory, we identify several regions of high asymmetry and sizable intensity. These regions, together with the long lifetime in ultrahigh vacuum, make pseudomorphic Au on Ir(001) very suitable as a two-dimensional spin-polarizing mirror in momentum microscopes and behind dispersive electron energy analyzers.
A pseudomorphic monolayer of Au on Ir(001) is easily preparable and has a long lifetime in ultrahigh vacuum. Its geometrical and electronic structure was investigated by ab initio calculations within density functional theory. For a wide range of energies (below 100 eV) and angles of incidence of spin-polarized primary electrons we measured and calculated the intensity and spin asymmetry of the specularly reflected beam. In the resulting energy-angular maps, which show good agreement between experiment and theory, we identify several regions of high asymmetry and sizable intensity. These regions, together with the long lifetime in ultrahigh vacuum, make pseudomorphic Au on Ir(001) very suitable as a two-dimensional spin-polarizing mirror in momentum microscopes and behind dispersive electron energy analyzers. 
I. INTRODUCTION
Spin-polarized electron spectroscopy has received increasing interest in recent years because of the rich information contained in the magnitude and orientation of the spinpolarization vector, e.g., in photoemission from magnetic and nonmagnetic solids. An important class of spin-polarization analyzers is based on the elastic diffraction of electrons from single crystal surfaces of heavy materials, thus making use of the spin-orbit interaction. In practical application it is important that the surface stay clean and stable over extended periods of time and that, once it gets contaminated, there is an easy and reproducible procedure to create a fresh surface. In the following we show that a pseudomorphic monolayer of Au on Ir fulfills these requirements.
In 1949 van der Merwe and Frank pointed out, 1 based on theoretical considerations, the possibility of pseudomorphic growth of material A on a crystal B, i.e., maintaining the surface lattice of B, provided that the lattice mismatch was not too large (=10%). Apparently the first experimental observation of a clean pseudomorphic monolayer was made in Ref. 2 for Th on Ta(001) using low-energy electron diffraction (LEED), Auger spectroscopy, and a calibrated source of Th. Subsequently many other systems were found. The motivation may have been sheer scientific curiosity [e.g., "Do pseudomorphic monolayers form on nonperiodic substrates?" (the answer is "yes"; see the review article, Ref.
3)], or to use bimetallic surfaces as a model for heterogeneous catalysts. For example, it has been observed that the catalytic activity of a pseudomorphic monolayer is different from that of a clean surface of each of the constituents; see Ref. 4 and references therein. Similarly, the magnetic properties of a pseudomorphic layer may be substantially different from that of a multilayer of a ferromagnetic material. [For example the magnetic moment per atom in a pseudomorphic monolayer of Fe on W(110) is enhanced by 14% relative to its value in bulk Fe. 5 ] Our interest in pseudomorphic monolayers was motivated by our search for a stable target for a multichannel spinpolarization detector based on spin orbit coupling. 6, 7 It should provide high polarization sensitivity, long lifetime in vacuum, and should easily and reproducibly be prepared. Candidates are in principle all high-Z materials meeting the above requirements. The W(001) detector 8 has proven its merits and has been well characterized. 9, 10 However, it suffers from the sensitivity of W to reactive gases, even in ultrahigh vacuum (UHV), which limits its useful lifetime to about 1 h after a high-temperature flash. We concentrated our search for a more stable target on Ir and Au, both with a (100) surface. From a practical point of view a fourfold symmetric surface is preferable, though not mandatory, in the spin detector application for the following reason: If the scattering plane coincides with a mirror plane of the crystal then the asymmetry vector stands perpendicular to that plane. 11 While this can be obtained also with a two fold symmetric surface, the alignment checks are facilitated if equivalent beams can be compared.
Unfortunately, both Ir(100) and Au(100) are reconstructed in thermodynamic equilibrium. Ir shows a (5 × 1) reconstruction with two orthogonal domains, not necessarily in equal proportions. Au(100) has a complicated superstructure, due to a hexagonal overlayer, with a LEED pattern described as (5 × n) with n ranging from 26 to 28 12 [resembling superficially a (5 × 1) pattern]. There are ways and means to lift these reconstructions for both Ir and Au, but these procedures are at variance with our requirement of simple and easy preparation. In principle, the multichannel spin-polarized LEED (SPLEED) detector based on the specular beam works also with a reconstructed surface, provided that the specular beam is reproducible and that the higher order beams are not detected. This has been shown for the Ir(100) surface recently. 13 The most inert metal surface in vacuum is that of Au. For the spin detector based on diffuse electron scattering from Au, Unguris et al.
14 reported a useful lifetime of several weeks in UHV. Therefore a Au single crystal would be an excellent alternative if the reconstruction problem could be overcome. This led us to consider epitaxial Au films on Ir(100): Au for its inertness and ease of deposition and Ir for its ease of preparation, requiring little more than a high-temperature treatment. At first sight, it seems rather hopeless to obtain an unreconstructed (1 × 1) surface in such an epitaxial system, where both components deeply reconstruct into a similar pattern. Indeed, this system has rarely been described in the literature. An early work in 1970 by Thomas reported a nearly ideal layer-by-layer growth of Au on lr(111) 15 at room temperature, the films being stable up to 700
• C, with thicknesses up to 8 nm, and a (111) LEED pattern. It took more than 30 years until this system received renewed interest, when Okada demonstrated that dissociative adsorption of H 2 occurs on thin Au(111) films, 16 in contrast to the surface of bulk Au(111) which cannot dissociate H 2 .
The paper is organized as follows. In Sec. II we summarize present knowledge about thin Au films on Ir. Section III deals with experimental aspects. In Sec. IV we report on ab initio theory of the film geometry and outline specific features of our SPLEED calculations. Experimental and theoretical SPLEED results are presented in Sec. V, followed by a conclusion in Sec. VI.
II. PROPERTIES OF THIN Au FILMS ON Ir
In this section we summarize the presently known facts for Au on Ir (to our knowledge), partly taken from previous experiments, from theoretical calculations, and from our own observations.
(1) Thin films of Au on Ir(111) and on Ir(100) grow in a layer-by-layer mode at 300 K. For (111) this was observed directly by scanning tunneling microscopy (STM), 17 for (100) from our LEED intensity oscillations.
(2) The first layer shows dissociative adsorption of H 2 , whereas bulk Au does not. This was proven by nuclear reaction analysis. 16, 18, 19 The H coverage at 60 K is about 0.06 monolayers (ML), independent of H 2 exposure up to 3 × 10 3 L. (3) Different theories unanimously predict strong segregation of Au to Ir surfaces, [20] [21] [22] also for the more open (100) surface. 22 The surface mixing energy is strongly negative, which means that there is no intermixing within the surface layer. 21 This was confirmed for Ir (111) by scanning tunneling microscopy. 17 Thus, there should be no intermixing of Au in Ir, fully in line with our own observations. (4) Upon deposition of Au on Ir(100) 5 × 1 at 300 K we observe that the reconstruction of Ir is lifted upon deposition of about 0.2 ML of Au and that it does not reappear at higher dosage. With a few monolayers of Au the surface shows a (1 × 1) LEED pattern, though somewhat diffuse. Upon annealing this surface at about 700
• C a faint (5 × 1) structure appears, similar to but not identical to the (5 × 26) pattern of the bulk Au(100) surface.
(5) Starting at about 800
• C the multilayers of Au desorb until the pseudomorphic monolayer remains. About 900
• C is needed to desorb the pseudomorphic monolayer; heating to 1200
• C brings the clean Ir(100) (5 × 1) back, with no Au visible in the Auger spectrum.
III. EXPERIMENTAL ASPECTS
A diagram of our experimental setup is shown in Fig. 1 . The experiments were carried out in a μ-metal UHV chamber equipped with a cylindrical mirror analyzer (CMA) Auger analyzer, a MEED (medium energy electron diffraction) screen opposite to the CMA, a quartz crystal monitor, and an evaporation source. 23 This scattering chamber was pumped by an ion getter pump and a turbo pump. The base pres-
sure was 7 × 10 −11 mbar or less, rising to 3 × 10 −10 mbar during Au evaporation. Unlike usual LEED experiments a goniometer type system was used. The Ir crystal was mounted on a vertical motor-driven rotation feed-through with optical angle encoder and heated by electron bombardment. Temperature was measured by a pyrometer and a thermocouple attached to the crystal. The repeatability of the angle setting was better than 0.1 degree. The same type of mounting was used for the electron detector. A circular case was mounted on the detector arm, moving horizontally, having an entrance aperture of 5 mm diameter, followed by a grounded mesh, an identical mesh on a retarding potential (the primary electron beam voltage minus a battery voltage of 3.1 V), then followed by a double channel-plate electron detector. The overall angular resolution (beam spread folded with the detector resolution) was measured to be about 2 degrees FWHM, with a distance of 90 mm from sample to entrance aperture.
The polarized electron source chamber is separated from the scattering chamber by a small gate valve with the electron beam passing through its center. The chamber is likewise made of μ-metal and pumped by an ion getter pump. The base pressure is 6 × 10 −11 mbar. The photocathode is a strained multilayer of GaAs as described in Ref. 24 . The cathode was cleaned by a beam of atomic hydrogen 25 at 420
• C, then heated in UHV at 420-490
• C and activated by Cs and O 2 according to the usual yo-yo procedure. The spin-polarized electrons are excited by circularly polarized 828 nm photons from a laser diode, a fiber optics and an electrooptical modulator. 26 The degree of circular polarization was determined by an optical polarimeter 27 to be 92% averaged over the two settings of the optical modulator for positive and negative helicity, disregarding a possible depolarization by the standard UHV glass window. The primary beam intensity impinging on the Ir crystal was determined by the rotatable electron detector in the forward direction after retracting the target out of the beam. The reflectivity and figure-of-merit spectra have been normalized by the primary beam intensity.
The preparation of the pseudomorphic Au monolayer on the Ir crystal was done in the following way: first removing the carbon by repeated heating cycles in O 2 according to the procedure described in Ref. 28 . The residual oxygen is removed by flashing to 1200
• C, leaving a clean Ir(100) 5 × 1 surface. Next, an equivalent of 1.5 to 2 ML of Au is deposited, controlled by the quartz crystal oscillator, placed at the target position. Then the crystal is heated by multiple flashes at temperatures below the desorption temperature of the pseudomorphic Au monolayer. The process is monitored in situ by measuring the asymmetry in the (00) beam until a maximum raw asymmetry of 62% to 63% is reached (primary voltage 44 V, polar angle ϑ = 45
• , azimuth ϕ = 0 • ). This heating procedure is self-limiting because the desorption temperature for Au multilayers is lower by 50-80 K than that of the pseudomorphic monolayer. The measured asymmetry is extraordinarily stable at the base pressure condition quoted above. The measurements shown in this paper have intentionally been made with a pseudomorphic monolayer prepared 3 weeks prior to the measurements. No degradation of the asymmetry was found during this period. The data shown in the following have been obtained as energy spectra at constant polar angle ϑ, with an energy step width of 0.1 eV. The step width of ϑ is 1 degree. Thus the experimental maps contain more than 40 000 data points.
IV. THEORY
In this section we firstly report on ab initio calculations of the geometrical and electronic structure of the ground state of pseudomorphic Au films on Ir(001) and secondly address key aspects of our SPLEED calculations.
As deduced above, the Au/Ir(001) surface system in our experiment consists of a pseudomorphic monolayer of Au on an Ir(001) 1 × 1 surface. The observed 1 × 1 LEED pattern implies that the Au layer has the same unit cell as the adjacent Ir layers and the Au atoms are all within a single plane. Their surface-parallel positions are the same as those of the Ir atoms in the second Ir layer, i.e., fourfold hollow sites of the first Ir layer, which are energetically more favorable than other conceivable sites. Not yet known, however, are the spacing between the Au layer and the topmost Ir layer and the spacings between the near-surface Ir layers.
To obtain these interlayer spacings, we resorted to firstprinciples calculations in the framework of density functional theory. We employed the full-potential linearized augmented plane wave method 29 with a local density approximation for the exchange-correlation energy 30 as implemented in the Juelich FLEUR computer code. 31 For a nine-layer film, which consists of seven Ir layers and an Au monolayer on each side, we allowed the topmost three interlayer spacings to relax such that the total energy became minimal and the forces on the atoms were practically zero. The results are shown in Table I .
According to Table I the spacing d Au-Ir between the Au and the topmost Ir layer is 2.08Å, which is larger than the interlayer spacing in bulk Au (2.04Å) due to the lateral compression of the Au layer. If-instead of employing sophisticated ab initio theory-one simply assumes the conservation of the atomic volume of the respective bulk materials, one obtains δ Au-Ir = 10% corresponding to d Au-Ir = 2.11Å. Compared to the latter value, the ab initio theory thus yields an inward relaxation of 1.4%. Although our experimental surface system was found to consist of a pseudomorphic monolayer of Au on Ir(001), we would like to explore theoretically how the addition of a second pseudomorphic Au layer affects SPLEED intensities and asymmetries. This is of interest in its own right and useful for corroborating our experimental finding of 1 ML by comparing the experimental SPLEED data with their theoretical counterparts for 1 and 2 ML. Pseudomorphic double layers of Au were actually reported to exist on Pd(001) 32 and on Pt(001), 33, 34 whereas on Rh(001), for which the lattice mismatch is larger, the second Au monolayer already exhibits a hexagonal close packed (hcp) type reconstruction similar to the one of the Au(001) surface. 35 For Au on Ir(001), a reconstruction appears for a coverage of a few ML (cf. item 4 of Sec. II).
In the following we assume the second Au layer to be pseudomorphic, which leaves the interlayer distances to be determined. We calculated them ab initio (as described above for 1 ML) using an 11-layer film, which consists of 7 Ir layers and 2 Au layers on each side. The results are shown in Table I . The corresponding absolute interlayer spacings are d Au-Au = 2.21Å and d Au-Ir = 2.13Å. For the Au-Au spacing, the above-mentioned atomic volume argument yields δ Au-Au = 20%, equivalent to d Au-Au = 2.30Å. Compared to the latter, the ab initio theory thus yields an inward relaxation of 3.9%.
For the pseudomorphic 1 ML and the 2 ML systems with interlayer spacings as listed in Table I , our FLAPW calculations also yielded the electronic structure of the ground state, in particular real one-electron potentials.
To obtain the quasiparticle potentials, which were needed as input for our SPLEED calculations, the ground state real potential for each system was augmented by a complex self-energy correction. The choice of its imaginary part, which accounts for the influence of inelastic scattering, was guided by the decrease of our experimental intensities with increasing kinetic energy E. As a satisfactory form we thus found V i (E) = 0.42(E + 5) 0.5 eV, with E in eV. The real part of the self-energy correction has essentially two components. Firstly, the ground state real inner potential is reduced. Secondly, the surface potential barrier, which is obtained by the ground state calculation, has to be modified such that asymptotically it has the image potential form 1/z, where z is the coordinate normal to the surface. For details of the form of our surface barrier see Ref. 36 and references therein.
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Using the above quasiparticle potential, SPLEED calculations were performed by means of a relativistic layer Korringa-Kohn-Rostoker (KKR) code. 11 For a primary beam with intensity 1 and spin polarization ±100% normal to the scattering plane we thus obtained spin-dependent intensities I + and I − as functions of the kinetic energy E and the polar angle of incidence ϑ. These two intensities are equivalent to the spin-averaged intensity I = 0.5(I + +I − ) and the asymmetry A = 100(I + −I − )/(I + +I − ). The figure of merit, which characterizes the efficiency for spin detection, is then F = I × A 2 × 10 −4 . Note that, according to the above definition, the asymmetry A ranges from −100% to +100%.
V. SPLEED ENERGY-ANGULAR MAPS
In Fig. 2 we present our experimental and theoretical SPLEED specular beam results for a pseudomorphic monolayer of Au on Ir(001) as functions of the energy and the polar angle of incidence. The scattering plane intersects the surface plane along the [100] direction (azimuthal angle ϕ = 0 • ). A bird's eye inspection of the energy-angular landscapes of intensities, asymmetries, and figures of merit reveals a good overall agreement between experiment and theory. Before going into details, we would like to contrast this with the analogous theoretical landscapes for two pseudomorphic monolayers of Au on Ir(001) shown in Fig.  3 . They agree visibly less with our experimental results in Fig. 2 . Theoretical results for 1 ML Au/Ir(001) for azimuthal angle ϕ = 45
• , which are shown in Fig. 4 , differ strongly from both theoretical and experimental results in Fig. 2 .
Wishing to complement our visual evaluation by a quantitative measure of agreement, we first thought of so-called reliability factors (R factors), which were proposed for LEED intensity spectra (cf. Ref. 37 and references therein) and have been used ever since in a wide variety of LEED surface structure analyses. This kind of measure appears, however, less suitable for asymmetry spectra. Instead, we therefore decided to employ a correlation coefficient, which is customary in statistics for comparing distributions of different variables (cf., e.g., Ref. 38). For adequate comparison, the theoretical results were adapted for the experimental energy and angle resolutions and evaluated on the energy-angular grid of the experimental data. We thus obtained theoretical intensities I perfect correlation and anticorrelation, respectively. We calculated the correlation coefficients between our experimental data on the one hand and each of three theoretical data sets on the other not only for the full (E,ϑ) range shown in Fig. 2 , but also for the selected range 15 < E < 60 eV and 20
• < ϑ < 60
• , which hosts special regions of high figure of merit (cf. Table III) . The correlation coefficients, distinguished by the superscripts "full" and "sel," are shown in Table II . All of them are seen to be largest for 1 ML Au/Ir(001) with azimuth ϕ = 0
• , distinctly smaller for the 2 ML system with ϕ = 0 • , and vastly smaller for 1 ML Au/Ir(001) with ϕ = 45
• . For our experimental azimuth ϕ = 0
• , 1 ML Au is thus clearly favored over the 2 ML Au. Comparing our experimental landscapes with calculated ones both visually and by means of the quantitative measure "correlation coefficient" thus corroborates our above experimental finding of a pseudomorphic monolayer of Au on Ir(001). • and for 1 ML Au/Ir(001) for azimuth ϕ = 45
• . The intensity and asymmetry correlation coefficients C full int and C full asy were obtained from the full (E,ϑ) range shown in Fig. 2 , whereas C sel int and C sel asy result from the selected range 15 < E < 60 eV and 20
• , which hosts the special regions of high figure of merit (cf. Table III) . Let us now consider in some detail the monolayer maps in Fig. 2 , bearing in mind that the shown theoretical results have not been adapted for experimental resolution in order to reveal more features of physical interest. While agreement between experiment and theory in Fig. 2 is generally quite good, there are mainly two types of differences, which we would like to point out and explain. Firstly, the theoretical plots reveal several narrow ridges-most notably in the asymmetry landscape [ Fig. 2(e) ] from (E,ϑ) = (29 eV, 70
• ) to (37 eV, 45
• ), from (40 eV, 56
• ) to (42 eV, 50
• ), and from (42 eV, 70
• ) to (57 eV, 40
• )-which are surface barrier resonances associated with the emergence thresholds of nonspecular LEED beams. These very fine structures are washed out in the experimental plots due to an energy resolution of 0.3 eV and an angular spread of 2
• FWHM. A second type of difference between theory and experiment is the following. In the calculated A(E,ϑ) plot a negativeasymmetry streak (blue) extends from (E,ϑ) = (80 eV, 50
• ) to (95 eV, 56
• ) in association with extremely low intensity. This feature is absent in the experimental data. It also vanishes in the theoretical results if we convolute the sharply calculated asymmetry with the experimental angular resolution of 2
• FWHM. In view of potential use for spin polarimetry, we identify in the experimental data several (E,ϑ) regions with a large asymmetry in conjunction with a sizable figure of merit (see Table III ). These favorable regions are in good approximation also present in the theoretical (E,ϑ) landscapes.
The availability of different favorable regions allows an optimization of spin polarimeters for different applications. In particular, region R3 with its very high asymmetry appears most suitable for a two-dimensional spin-polarizing mirror in momentum microscopes, 6 which measure the momentum distribution of monochromatized electrons, e.g., in angleresolved photoemission. Region R4, which offers a larger Fig. 2(b) The experimental asymmetry, which is shown in Fig. 2 (b) and quoted in Table III , is the measured raw asymmetry A raw . The actual asymmetry, i.e., the spin sensitivity of a detector, at any chosen working point (E,ϑ) is A = A raw /P 0 , where P 0 is the primary beam polarization given by P 0 = P c D cp , where P c is the quoted polarization from the photocathode and D cp = 0.92 is the degree of circular polarization of the light. 39 Our primary beam polarization is thus P 0 = 0.80 ± 0.02. For the high-asymmetry region R3 (cf . Table III) we arrive at an asymmetry (spin sensitivity) of A = 77.5%. To read the actual asymmetry from Fig. 2(b) , one has to multiply the numbers at the color bar by 1.25. The actual figure of merit is seen in Fig. 2(c) if one multiplies the numbers at the color bar by 1.25 2 = 1.56. Regarding the theoretical landscapes for two monolayers of Au on Ir(001) (Fig. 3) , we would like to mention two aspects. Although the intensity, asymmetry, and figure of merit landscapes are quite distinct from those for one monolayer, fine structure ridges are seen to occur, in particular in the asymmetry, along the same (E,ϑ) lines as in the monolayer plots. This is an obvious consequence of the fact that surface barrier resonances are associated with beam emergence thresholds and that the latter are the same for the two structures. Secondly, we look for (E,ϑ) regions, which might be suitable for spin detector purposes. There are such regions close to regions R1, R2, and R4 of the 1 ML system (cf . Table III) , but with smaller overall asymmetry and figure of merit. Moreover, region R3, which has the largest asymmetry, does not have a counterpart on the 2 ML system.
Since SPLEED spectra are known to depend sensitively on the azimuthal angle of incidence ϕ, one may wonder whether the 1 ML Au/Ir(001), which we have explored for ϕ = 0
• , offers comparable opportunities for ϕ = 45
• , for which-like for ϕ = 0
• -the scattering plane is a mirror plane of the surface system and the asymmetry vector is therefore normal to the scattering plane. In Fig. 4 we show (E,ϑ) landscapes that were calculated for ϕ = 45
• . Regions of high asymmetry and sizable intensity are seen to exist around (E,ϑ) = (16 eV, 50
• ) and (E,ϑ) = (18 eV, 60
• ). Compared to the azimuth ϕ = 0
• (cf . Table III) , ϕ = 45 • altogether is, however, less suitable for spin polarimetry purposes.
VI. CONCLUSION
A pseudomorphic monolayer of Au on Ir(100) was found to be generated easily and reproducibly. Its preparation benefits from different desorption temperatures for Au multilayers and the pseudomorphic Au layer. This makes the Au desorption from a sesquiatomic Au layer (one and a half monolayer) self-limited as long as the desorption temperature of the pseudomorphic layer is not exceeded. Our pseudomorphic monolayer is extraordinarily stable in UHV. We do not know yet for how long, but the useful lifetime certainly is longer than several weeks.
The spacing between the Au layer and the adjacent Ir layer and the spacings between the near-surface Ir layers were determined by ab initio calculations in the framework of density functional theory. These calculations also provided the real part of the quasiparticle potential, which was used in subsequent SPLEED calculations.
For the pseudomorphic monolayer system we measured and calculated two-dimensional maps of spin-asymmetry and reflected intensity with more than 40 000 data points each, covering the energy (E) range of 15 to 95 eV and the angles of incidence (ϑ) from 10
• to 70
• . In good agreement between experiment and theory, we observed several regions which can be exploited in two-dimensional spin-polarizing mirrors. Regions of high spin asymmetry (up to 77%) with a useful width of ∼2 eV are to be used in momentum microscopes, analyzing the spin polarization and momentum distribution of monochromatized electrons, e.g., in angleresolved photoemission. Other regions with sizable asymmetry around 40% but a larger energy window up to 6 eV are useful as spin-polarizing mirrors behind dispersive electron energy analyzers.
